Protein tyrosine kinases have important roles in spermatozoa; however, little is known about the presence and regulation in these cells of their counterparts in signaling, namely, protein tyrosine phosphatases (PTPs) and dual-specificity phosphatases (DSPs). The objectives of the present study were to identify PTPs and DSPs in boar, stallion, and dog spermatozoa; to characterize their subcellular distribution; and to investigate the roles of tyrosine phosphatases in maintenance of protein tyrosine phosphorylation level and in sperm motility. Using Western blotting with specific antibodies in boar and stallion sperm lysates, we unequivocally identified two PTPs (PTPRB and PTPN11) and two DSPs (DUSP3 and DUSP4). In dog sperm lysates, only PTPN11, DUSP3, and DUSP4 were detected. In all these species, we did not detect the specific signal with anti-PTPRC (CD45), CDKN3, DUSP1, DUSP2, DUSP6, DUSP9, PTPN1, PTPN3, PTPN6, PTPN7, PTPN13, PTPRA, PTPRG, PTPRJ, PTPRK, or PTPRZ antibodies. Positive matches were further investigated by indirect immunofluorescence and confocal microscopy. Results showed that PTPRB was associated with the plasma membrane in the head and tail of boar and stallion spermatozoa. In agreement with Western blotting results, PTPRB antibodies did not show immunoreactivity in dog sperm analyzed by immunofluorescence. In the three species, DUSP4 was mainly found in the tail of spermatozoa, with little or no immunoreactivity in the head. PTPN11 was mainly located in the postacrosomal region in the head, whereas DUSP3 immunoreactivity was extended within the acrosome. PTPN11 and DUSP3 showed immunoreactivity in the tail that was restricted to the midpiece. Finally, we incubated boar, stallion, and dog spermatozoa with pervanadate and sodium orthovanadate, two PTP inhibitors, and analyzed overall protein tyrosine phosphorylation and assessed sperm motility. Sodium orthovanadate and pervanadate showed concentration-dependent inhibition of sperm motility that was rapid and reversible.
INTRODUCTION
Phosphorylation and dephosphorylation of structural and regulatory proteins are involved in the regulation of most cellular processes in eukaryotes, particularly in signal transduction, and have an essential role in the coordination and regulation of intricate intracellular pathways [1, 2] . The level of protein phosphorylation is tightly regulated by the coordinated and opposed activity of protein kinases and protein phosphatases. Protein kinases transfer a phosphate group from ATP to a given protein, typically at serine, threonine, or tyrosine residues, while protein phosphatases catalyze removal of phosphate groups from specific residues and revert proteins to a nonphosphorylated conformation [1] . Based on substrate specificity, protein kinases and protein phosphatases have been primarily classified into the following three categories: serine/ threonine-specific, tyrosine-specific, and dual-specificity kinases and phosphatases [1, 3] .
In mammalian spermatozoa, protein phosphorylation is involved in epididymal maturarion, sperm capacitation, and motility, including hyperactivated motility, interaction with zona pellucida, and the acrosome reaction [4] [5] [6] [7] . Similar to somatic cells, protein kinases and phosphatases have essential roles in signal transduction and cell recognition in sperm. Previous studies have demonstrated the presence in mammalian spermatozoa of a number of serine/threonine kinases involved in the regulation of these processes, including protein kinase A (PKA) [7] [8] [9] [10] [11] [12] [13] [14] , PKB [15, 16] , PKC [9, 17] , PKD [18] , GSK3 [19] , MAP-kinases [20, 21] , PDK1 [8, 15] , and other serine/threonine kinases less well characterized in sperm. This number is rapidly increasing with the findings of recent studies [22] [23] [24] [25] [26] [27] [28] [29] based on proteomic techniques, which have described additional serine/threonine kinases in sperm involved in functions such as metabolism regulation, proteolysis, motility, and cell cycle regulation. Concurrently, serine/threonine phosphatases have emerged as critical components of signaling pathways involving serine/threonine protein phosphorylation in mammalian spermatozoa, demonstrating an essential role in the regulation of processes such as sperm morphogenesis, capacitation, and motility [17, 30, 31] .
Regarding protein tyrosine phosphorylation, increasing numbers of protein tyrosine kinases (PTKs) have been identified in mammalian spermatozoa by immunoblotting and/or proteomic studies, including growth factor receptors [32, 33] , Src family tyrosine kinases [34, 35] , focal adhesion kinases [36] , Syk tyrosine kinases [10] , Tec family tyrosine kinases [23] , and C-terminal Src kinase [23, 34] . Most PTKregulated signaling pathways are activated by a cAMP/PKAdependent pathway during the capacitation processes in spermatozoa, although the regulatory role that these tyrosine kinases exert in sperm capacitation is still unclear [6, 23] . Studies have shown that, in addition to PKA, protein tyrosine phosphorylation during sperm capacitation is critically regulated by reactive oxygen species (ROS) [4, 37] , indicating that protein tyrosine phosphatases (PTPs), which are intracellular targets for ROS [37] , could have an important role in sperm physiology. However, in contrast to serine/threonine-specific phosphatases, which have been recently examined in several investigations [31] , PTPs have attracted much less interest; consequently, the presence and regulation of these phosphatases in ejaculated mature mammalian spermatozoa are largely unknown, as well as the roles that PTPs may have in sperm.
Based on the amino acid sequences of their catalytic domains, PTPs can be grouped into four families, each with a range of substrate specificities [3] . Class I cysteine-based PTPs contain the well-characterized ''classic'' PTPs, which are strictly tyrosine specific, and the VH1-like ''dual-specificity'' protein phosphatases (DSPs), which comprise the most diverse group in terms of substrate specificity. The DSPs differ from classic PTPs in that they can dephosphorylate phosphotyrosine, phosphoserine, and phosphothreonine residues, as well as nonproteinaceous substrates, including signaling lipids and complex carbohydrates [3, 38] . The DSPs can be clustered in several groups that include MAP kinase phosphatases, myotubularins, PTEN-related phosphatases, slingshots, prolactins, cell division cycle 14 homologs (CDC14s), and a heterogeneous group called atypical DSPs [3, 38] . The single class II cysteine-based PTP in humans is a tyrosine-specific low-molecular-weight enzyme, although its physiological role is unknown [3] . Class III cysteine-based PTPs are tyrosine/ threonine-specific phosphatases represented by three CDC25 cell cycle regulators. A group of class I PTPs contains a catalytically inactive CDC25 homology (CH2) domain. The three families of cysteine-based tyrosine phosphatases (i.e., classes I, II, and III) show a highly conserved catalytic domain of about 240 residues that contains highly conserved arginine and cysteine residues [3] . Class IV PTPs use a different catalytic mechanism with a key aspartic acid and dependence on a cation and constitute a family comprising the aspartatebased PTPs. This family contains the EYA proteins, which operate as transcriptional coactivator and as tyrosine-specific or dual serine and tyrosine-specific protein phosphatases, although their physiological roles are still largely unknown [3] .
Class I cysteine-based PTPs have specific and active, even predominant, roles in setting the levels of tyrosine phosphorylation in somatic cells and are involved in the regulation of many physiological processes [1, 3] . Therefore, we conducted systematic immunobloting screening in sperm lysates of three mammalian species (boar, stallion, and dog) to identify several classic phosphatases and dual-specificity phosphatases (DSPs). Subsequently, we studied the subcellular localization of the phosphatases identified. Finally, we characterized their primary roles by studying the effect of PTP-specific inhibitors in sperm motility, as well as their tyrosine phosphorylation status in capacitated and noncapacitated boar spermatozoa.
MATERIALS AND METHODS

Materials
All primary antibodies and antityrosine phosphatases used in the present study were from BD Biosciences (San Jose, CA), Santa Cruz Biotechnology Inc. (Santa Cruz, CA), and Cell Signaling Technology Inc. (Beverly, MA), as listed in Table 1 . Triton X-100, deoxycholic acid, bovine serum albumin (BSA) fraction V, ethylenediaminetetraacetic acid (EDTA), ethylene glycol-bis(2-aminoethylether)-N,N,N,N-tetraacetic acid (EGTA), and sodium orthovanadate were from Sigma-Aldrich Inc. (St. Louis, MO). Tris/glycine/SDS buffer (103), Tris/glycine buffer (103), SDS, 2-mercaptoethanol, and protein assay dye reagent were from Bio-Rad (Hercules, CA). Protease inhibitor cocktail tablets (Complete EDTA-free) were from Roche (Basel, Switzerland). Antiphosphotyrosine monoclonal antibody (clone 4G10) was from Upstate Biotechnology Inc. (Lake Placid, NY). Anti-E-cadherin monoclonal antibody was from BD Biosciences. Anti-mouse IgG, anti-rabbit IgG, and anti-goat IgG secondary antibodies labeled with the fluorescent probe Alexa 488 were from Molecular Probes (Eugene, OR). Anti-mouse IgG, anti-rabbit IgG, and anti-goat IgGhorseradish peroxidase (HRP)-conjugated secondary antibodies and enhanced chemiluminescence detection reagents were from Pierce (Rockford, IL). Hyperfilm ECL was from Amersham (Arlington Heights, IL), and nitrocellulose membrane was from Schleicher & Schuell (Keene, NH).
Media
For porcine spermatozoa, Tyrode complete medium (TCM) was used as sperm capacitating medium [39] , consisting of 96 mM NaCl, 4.7 mM KCl, 0.4 mM MgSO 4 , 0.3 mM NaH 2 PO 4 , 5.5 mM glucose, 1 mM sodium pyruvate, 21.6 mM sodium lactate, 0.5 mM CaCl2, 10 mM NaHCO 3 , 20 mM HEPES (pH 7.45), and 3 mg/ml of BSA. The TCM was equilibrated with 5% CO 2 . A noncapacitating variant of TCM was made by omitting BSA, CaCl 2 , and NaHCO 3 and was called Tyrode basal medium (TBM). Both Tyrode media were prepared on the day of use and were maintained at an osmolarity of 290-310 mOsm/kg at pH 7.45 and 388C. Equine semen was diluted and washed with a commercially available extender (INRA 96; IMV Technologies, L'Aigle, France). This medium was also used for motility analysis of equine spermatozoa. For canine spermatozoa, a Tris-glucose extender was used for semen washing, dilution, and motility analysis. This medium consisted of 200 mM Tris, 70 mM glucose, 63 mM citric acid, 3% BSA, 1000 IU/ml of penicillin, and 1 mg/ml of dihydroestreptomicin [40] and was prepared on the day of use and prewarmed to 378C before use. In a number of experiments involving spermatozoa of the three species, a final washing step was performed with a PBS solution, consisting of 137 mM NaCl, 2.7 mM KCl, 5.6 mM Na 2 HPO 4 Á12H 2 O, 1.1 mM NaH 2 PO 4 Á2H 2 O, and 1.5 mM KH 2 PO 4 . The pH of this PBS solution was adjusted to 7.45, and the solution was prewarmed to 37-388C before use.
Collection and Washing of Boar Semen
Commercial doses from Iberico boars of proven fertility and routinely used for artificial insemination were utilized. Doses were obtained from Semen Porcino Andalucia S.L. (Seville, Spain) and consisted of 80 ml of a commercial extender (MR-A; Kubus, Madrid, Spain) containing 30 3 10 6 sperm cells/ml. Commercial doses were usually shipped and used on the same day they were obtained. On a few occasions, doses were stored for up to 24 h at 178C before use. Semen was centrifuged for 3 min at 2100 3 g and washed with TBM. Samples of 1.5 ml containing 100 3 10 6 spermatozoa/ml were then incubated at 388C in TCM or TBM for varying times. In experiments involving chemical inhibitors, cells were preincubated with different agents for 60 min at 388C at the concentrations indicated in Results and in the figure legends.
Collection and Washing of Stallion Semen
Semen was obtained from six Andalusian stallions individually housed at the Veterinary Teaching Hospital, University of Extremadura. Stallions were maintained according to institutional and European regulations. Semen was collected with the use of a Missouri model artificial vagina with an in-line filter lubricated and warmed to 45-508C. The semen samples were carried immediately to the laboratory, where they were washed and diluted as previously described [41] . Briefly, filtered semen was diluted 1:1 in INRA 96 extender and centrifuged at 600 3 g for 10 min. Then, the sperm pellet was 1240 GONZÁ LEZ-FERNÁ NDEZ ET AL. resuspended and diluted in INRA 96 extender to a final concentration of approximately 100 3 10 6 spermatozoa/ml. Aliquots of stallion spermatozoa were processed and incubated in the presence of inhibitors using the same procedure as that for boar spermatozoa.
Collection and Washing of Dog Semen
Four privately owned mongrel dogs (weight range, 15-20 kg; age range, 2-6 yr) were used. All dogs were of known fertility. Dog semen was collected by masturbation in a prewarmed graduated test tube and was kept at 378C in a water bath before use. These procedures were reviewed and approved by the Animal Ethics Committee of the University of Extremadura and were performed in accord with Spanish and European guidelines for research on animals. A small aliquot was removed for sperm concentration measurement and initial motility analysis. Subsequently, dog semen was washed and diluted as previously described [40] with minor modifications. In brief, semen after collection was diluted 1:1 in Tris-glucose extender at 378C and centrifuged for 8 min at 700 3 g at room temperature. The seminal plasma was then removed, and the sperm pellet was resuspended in Tris-glucose extender to a final sperm concentration of approximately 60-80 3 10 6 spermatozoa/ml. Samples were subsequently aliquoted and processed identically as for boar and stallion spermatozoa.
Western Blotting
Western blotting was performed as described previously [15, 41] with minor modifications. Aliquots of porcine, equine, and canine spermatozoa were centrifuged at 600 3 g for 10 min and washed twice with PBS. After the last centrifugation, the supernatant was removed, and the pelleted cells were sonicated for 5 sec at 48C in 100-150 ll of lysis buffer consisting of 50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1% deoxycholate, 1 mM EGTA, 0.4 mM EDTA, and a protease inhibitor cocktail (Complete EDTAfree; Roche). The homogenates were clarified by centrifugation at 10 000 3 g (15 min at 48C), and the supernatant was used for analysis of protein concentration, followed by dilution with 43 SDS sample buffer. Proteins (25 lg/well) from mammalian sperm lysates were next fractionated by SDS-PAGE using 12% polyacrylamide gels and transferred to nitrocellulose membranes. Membranes were blocked for 1 h at room temperature with blocking buffer (5% nonfat dried milk in a solution containing 50 
Subcellular Fractionation
Sperm cells were fractionated into two major subcellular fractions (i.e., cytosolic and membrane fractions) according to procedures published previously [42] with minor modifications. Briefly, sperm cells were washed at 48C with PBS, resuspended in 1 ml of lysis buffer without detergents (i.e., Triton X-100 and deoxycholate as already described), and sonicated five times for 5 sec at 48C with a gap of 10-15 sec between each sonication. Homogenates were then centrifuged at 600 3 g for 10 min at 48C to precipitate nuclei, debris, and unbroken cells. The supernatant was transferred to a fresh vial and centrifuged for 30 min at 60 000 3 g at 48C to separate the membrane fraction (pellet) and the cytosol fraction (supernatant). After that, the supernatant was recovered and saved as the ''cytosolic fraction,'' and the pellet was washed twice with PBS at 48C, resuspended in 75-100 ll of regular lysis buffer (containing detergents), and sonicated for 5 sec at 48C. Membrane lysates were then centrifuged at 10 000 3 g for 15 min to remove detergent-insoluble components, and the supernatant of this centrifugation was saved as the ''membrane fraction.'' After determination of protein concentration, three volumes of cytosol or membrane lysates were mixed with one volume of loading buffer 43, and an equal amount of protein was analyzed by SDS-PAGE and Western blotting as already described. The purity of the preparation was estimated by Western blotting with an anti-E-cadherin antibody (diluted 1:1000) for 120 min at room temperature, which targets a protein constitutively associated with the membrane.
Indirect Immunofluorescence and Confocal Microscopy
Mammalian sperm was washed and resuspended in PBS, adjusting the cell concentration to 1 3 10 6 cells/ml. Fifteen microliters of sperm suspension was spread on poly-L-lysine-coated slides and allowed to attach for 10 min. Spermatozoa were then fixed with 4% formaldehyde in PBS for 15 min at room temperature and permeabilized with 0.2% Triton X-100 (v/v) in PBS for 5 min. Slides were washed three times for 10 min with PBS and incubated in PBS supplemented with 5% BSA (w/v) for 90 min to block nonspecific sites. After blocking, slides were incubated with a primary antibody designed to identify PTPRB (diluted 1:75), PTPN11 (1:75), DUSP4 (1:100), or DUSP3 (1:100). Two different antibodies were used separately for each target phosphatase (Table 1 ). All primary antibodies were incubated overnight at 48C diluted in PBS containing 5% BSA (w/v). The following day, samples were extensively washed with PBS and further incubated for 45 min at room temperature with the appropriate secondary antibody, consisting of an anti-mouse IgG, antirabbit IgG, or anti-goat IgG antibody conjugated with the fluorescent dye Alexa 488 (Molecular Probes). Finally, slides were thoroughly washed with PBS and examined with a Bio-Rad MRC1024 confocal microscope. Samples were excited at 488 nm with an argon laser, and emission was recorded using a 515-nm long-pass filter set. The absence of nonspecific staining was assessed by processing the samples without primary antibody. Transmission light was also recorded using a different photomultiplier tube.
Sperm Motility
Motility was measured in fresh samples using a computer assisted semen analysis (CASA) system (ISAS 1.0.6; Proiser S.L., Valencia, Spain). Semen was loaded in 20-lm-deep Leja (Amsterdam, the Netherlands) chambers placed in a thermostatized microscope stage (378C). Motility analysis was based on examination of 25 consecutive digitalized images obtained from a single field with a 103 negative-phase contrast objective. Images were taken with a time lapse of 1 sec; therefore, the image capture speed was one every 40 milliseconds. The number of objects incorrectly identified as spermatozoa was manually minimized on the monitor using the playback function. With respect to the program setting parameters, objects with an average path velocity of less than 10 lm/sec were considered static, whereas objects with a velocity exceeding 15 lm/sec were considered motile. Only the percentage of motile spermatozoa was considered for this study. The minimum and maximum cell size and other species-specific parameters were adjusted for boar, stallion, and dog spermatozoa using the settings preloaded by the manufacturer in the software (ISAS 1.0.6).
Preparation of Sodium Orthovanadate and Pervanadate Solutions
A 100 mM stock solution of sodium orthovanadate (Na 3 VO 4 ) was prepared by dissolving the compound in deionized water at pH 10. This yellow starting solution was boiled several times until it turned colorless and its pH stabilized at 10, allowing the solution to cool down at room temperature and readjusting its pH to 10 between each boil [43] . After that, the Na 3 VO 4 stock solution was aliquoted and stored for up to 1 mo at À208C. Pervanadate (vanadyl hydroperoxide) is a membrane-permeable derivative of Na 3 VO 4 [44, 45] . A 50 mM pervanadate solution was prepared by mixing an equivalent concentration (100 mM) of Na 3 VO 4 and hydrogen peroxide, followed by a 15-min incubation at room temperature in darkness. This starting solution of pervanadate was then further diluted with deionized water to reach the working concentration.
RESULTS
Identification of PTPs and DSPs in Mammalian Sperm by Western Blotting
Lysates from boar, stallion, and dog spermatozoa were used in the first part of this study ( Figs. 1 and 2, lanes 1-3) . To avoid possible individual differences, these lysates were obtained from pooled samples obtained from at least three different ejaculates. Moreover, to accurately evaluate the immunoblotting results, sperm samples were used in parallel with a number of positive controls consisting of porcine, canine, and rat tissue lysates, as well as rat and human cells lysates (Figs. 1 and 2, lanes 4-10). These controls allowed us to evaluate whether the antibody is useful to recognize the target protein in unusual species and in species previously tested by the manufacturer. After the separation of proteins by SDS-PAGE according to their molecular weight, proteins were transferred to nitrocellulose membranes, and the immunoblotting was performed as described in Materials and Methods using a set of 35 commercially available antibodies designed to identify 23 different class I cysteine-based PTPs (Tables 1 and 2) . Among 23 phosphatases targeted by the antibodies, two PTPs (PTPRB and PTPN11) and two DSPs (DUSP3 and DUSP4) were unequivocally detected in the lysates from boar ( Figs. 1 and 2 , lane 1) and stallion (Figs. 1 and 2, lane 2) sperm. In dog sperm lysates, PTPRB was not detected (Fig. 1, top,  lane 3) , and only PTPN11, DUSP3, and DUSP4 were recognized in these samples ( Figs. 1 and 2, lane 3) . All positive findings were corroborated by one additional antibody developed in a different host (Table 1) , obtaining equivalent bands with these additional antibodies (data not shown). Positive findings were considered those in which the antibody recognized the target protein in the sperm sample(s) and in the positive controls (including porcine or canine tissue lysates), appearing in the immunobloting as a single band with a molecular weight compatible with the target protein.
Negative findings were considered those in which the specific band did not appear in the sperm sample, while the antibody showed immunoreactivity with the positive controls (the antibody worked under our conditions), including porcine or canine tissues (the antibody was able to recognize phosphatases in the species of interest). Eighteen of the antibodies used rendered a negative result; thus, the specific signal did not appear in the sperm samples, while the antibody detected the protein in the positive controls. These antibodies were developed against 16 class I cysteine-based PTPs (Table  2) , which likely are not present in boar, stallion, and dog sperm, including PTPRC (CD45), CDKN3, DUSP1, DUSP2, DUSP6, DUSP9, PTPN1, PTPN3, PTPN6, PTPN7, PTPN13, PTPRA, PTPRG, PTPRJ, PTPRK, and PTPRZ (data not shown).
Six additional antibodies rendered uncertain results. These antibodies did not work under our conditions, showing low specificity (immunoblotting with too many bands) or absence of the specific signal (no immunoreaction with the positive controls or no immunoreaction at all). These uncertain antibodies were developed against the phosphatases PTPRE, PTPRD, and PTPRS (data not shown).
Subcellular Distribution of PTPRB in Mammalian Sperm
The PTP and DSP antibodies that showed immunoreactivity on immunoblotting were subsequently used to examine by indirect immunofluorescence the subcellular localization of the target phosphatases in boar, stallion, and dog spermatozoa. Boar, stallion, and dog spermatozoa were fixed, permeabilized, and incubated overnight with two different PTPRB primary antibodies (Table 1) , followed by incubation with an appropriate secondary antibody labeled with a fluorescent dye (Alexa 488). Results showed that immunofluorescence was localized to the plasma membrane of boar spermatozoa extending from the head to the tail (Fig. 3) . The only exception was the postacrosomal region, where the membrane likely does not possess PTPRB (Fig. 3, top and inset B1) . Specificity of the signal was demonstrated by incubation of sperm cells with the appropriate secondary antibody only, with incubation with the primary antibody omitted. Immunofluorescence detected in these negative controls was very low (Fig. 3 , bottom, anti-goat IgG). Identical results were obtained with stallion sperm, in which PTPRB was distributed along the plasma membrane in the head and tail except for the postacrosomal region (data not shown). In contrast, incubation of dog spermatozoa with the same two anti-PTPRB antibodies using an identical immunostaining protocol did not show immunoreactivity (data not shown). These results indicate that PTPRB has a similar distribution pattern in the membrane of boar and stallion sperm and further suggest that the phosphatase PTPRB is not present in dog sperm.
To further study the subcellular distribution of PTPRB in mammalian sperm cells, the particulate and soluble proteins of boar, stallion, and dog spermatozoa were fractionated by ultracentrifugation and analyzed by SDS-PAGE and Western blotting with an anti-PTPRB antibody (Fig. 4) . Results showed a The immunodetection and subcellular localization of these proteins in sperm is shown in Figures 1-7 . b MTMs, SSHs, PRLs, and PTEN, were not included in this study.
IMMUNODETECTION OF TYROSINE PHOSPHATASES IN SPERM
that PTPRB was detected only in the particulate fraction of boar (Fig. 4 , top, lane 2) and stallion (Fig. 4 , top, lane 4) spermatozoa, whereas the specific signal did not appear in the particulate fraction of dog spermatozoa (Fig. 4, top, lane 6) . In contrast, we did not detect immunoreactivity with the anti-PTPRB antibody in the complementary soluble fraction from sperm cells of each species (Fig. 4, top, lanes 1, 3, and 5 ). The purity of the subcellular fractions was evaluated by reprobing these membranes with an anti-E-cadherin monoclonal antibody, which targets a protein constitutively associated with the plasma membrane. As expected, immunoreactivity with the anti-Ecadherin antibody was found only in the particulate fraction of sperm cells (Fig. 4 , bottom, lanes 2, 4, and 6), indicating that there was little or no cross-contamination between proteins of complementary subcellular fractions. All of these results likely indicate that, when expressed, PTPRB is exclusively associated with the plasma membrane of sperm cells.
Subcellular Distribution of PTPN11 in Mammalian Sperm
To identify the subcellular distribution of PTPN11 in mammalian sperm, we incubated boar, stallion, and dog spermatozoa with a PTPN11 monoclonal antibody from BD Biosciences (Table 1) , followed by incubation with a goat antimouse antibody labeled with a fluorescent probe. In the three mammalian species, PTPN11 was mainly localized to the postacrosomal region and to the midpiece, showing little immunofluorescence in the rest of the head and tail (Fig. 5 , inset B1) (stallion and dog data not shown). Similar results were obtained with polyclonal antibody anti-PTPN11 from Santa Cruz Biotechnology Inc. (Table 1) in the three species. This antibody showed an identical fluorescent pattern as that already described, although the intensity of staining in the tail was slightly stronger and showed less difference in fluorescence between the postacrosome region, midpiece, and rest of the flagellum (data not shown). Finally, immunofluorescence detected in the negative controls was very low (Fig. 5 , bottom, anti-mouse IgG), indicating that the signal was specific.
Subcellular Distribution of DUSP4 in Mammalian Sperm
Subsequently, we investigated the subcellular location of DUSP4 in boar, stallion, and dog spermatozoa by indirect immunofluorescence. In boar spermatozoa, DUSP4 was mainly distributed along the midpiece, principal piece, and end pieces of the tail, with little immunoreactivity found in the head (Fig.  6, inset B2) . Accumulation of fluorescence was seen in the connection ring between the tail and head (Fig. 6, inset B1) . In stallion and dog sperm, an identical distribution pattern in the tail and connection ring was seen with the two antibodies used, with little or no immunoreactivity in the sperm heads (data not shown). Specificity of the signal was evidenced by incubation of the samples in the absence of primary antibody (negative control), showing very little unspecific staining (Fig. 6 , bottom, anti-rabbit IgG).
Subcellular Distribution of DUSP3 in Mammalian Sperm
Finally, using indirect immunofluorescence, we investigated the subcellular distribution of DUSP3 in mammalian sperm. DUSP3 was mainly localized to the acrosome and midpiece of the tail in boar sperm (Fig. 7, inset B1) . A spot of increased immunoreactivity in the midpiece was also detected in most spermatozoa (Fig. 7, inset B2) . However, in some spermatozoa (approximately 20%-30%), this distribution pattern was different, showing immunofluorescence only in the midpiece, with little or no immunoreactivity in the acrosome (Fig. 7,  compare top two cells) . In stallion and dog sperm, an identical distribution pattern of DUSP3 was found, including the occasional absence of immunoreactivity in the acrosome in approximately 20%-30% of spermatozoa (data not shown). The negative controls showed very little fluorescence (Fig. 7 , bottom, anti-mouse IgG), indicating that the signal obtained with the primary antibodies was specific.
Effect of Pervanadate on Tyrosine Phosphorylation of Proteins in Capacitated and Noncapacitated Boar Spermatozoa
At least five bands of low molecular weight appeared in lysates of boar spermatozoa incubated in noncapacitating medium (TBM) for 3 h at 388C (Fig. 8, lane 1) . The apparent molecular masses of these proteins were, from top to bottom, 42-47, 39-42, 36, 34, and 29 kDa (these will be referred to as p42-47, p39-42, p36, p34, and p29, respectively), as revealed by immunoblotting of boar sperm lysates with the monoclonal antibody 4G10. Three additional bands corresponding to highmolecular-weight proteins also appeared in films with longer exposure time. These faint bands displayed apparent molecular weights of 180, 125, and 103 kDa (Fig. 8 [barely visible] ).
Two bands (p42-47 and p39-42) that appear in spermatozoa incubated in TBM were tyrosine phosphorylated at similar levels in all experiments independent of the treatment used; these bands likely correspond to constitutively tyrosine phosphorylated proteins in boar spermatozoa. Another two bands that appeared in lysates of noncapacitated sperm (p36 and p34) were unchanged in the lysates of boar spermatozoa incubated in capacitating medium (TCM) for 3 h at 388C (Fig.  8, compare lanes 1 and 3) . In contrast, the bands noted as p180, p125, p103, and p29 markedly increased their tyrosine phosphorylation in the lysates of capacitated compared with noncapacitated boar spermatozoa (Fig. 8, compare lanes 1 and  3) . In addition to p180, p125, p103, and p29, at least one additional band seemed strongly tyrosine phosphorylated in lysates of boar spermatozoa incubated under capacitating conditions. This band displayed an apparent molecular mass of 32 kDa (noted as p32) and, in agreement with previous studies [11, 46, 47] , appeared only during incubation under capacitating conditions in boar spermatozoa (Fig. 8, compare  lanes 1 and 3) .
These results indicate that several proteins are tyrosine phosphorylated during boar sperm capacitation, likely by the action of PTKs [46, 47] . To investigate if tyrosine phosphatases also have a role in the regulation of protein tyrosine phosphorylation in boar spermatozoa, we used pervanadate, a potent and cell-permeant inhibitor of PTPs and DSPs [44, 45] , and evaluated its effect in tyrosine phosphorylation of proteins in capacitated and noncapacitated spermatozoa. Incubation of boar spermatozoa with 100 lM pervanadate for the last 60 min of incubation in TBM (total incubation time, 180 min) caused a marked increase in tyrosine phosphorylation of at least six proteins. The apparent molecular masses of these proteins were 180, 125, 103, 74, 58, and 51 kDa (p180, p130, p125, p74, p58, and p51, respectively) (Fig. 8, lane 2) . Three of these tyrosine phosphorylated bands (p74, p58, and p51) did not appear in boar spermatozoa incubated in TBM without pervanadate, and the other three bands (p180, p130, and p125) showed an increase in tyrosine phosphorylation with pervanadate treatment (Fig. 8, compare lanes 1 and 2) . These results indicate that one or several pervanadate-sensitive phosphatases (i.e., PTPs and DSPs) are active in noncapacitated cells, keeping the level of tyrosine phosphorylation of diverse proteins low. In contrast, tyrosine phosphorylation of the five low-molecular-weight bands that appeared in spermatozoa incubated in TBM alone (p42-47, p39-42, p36, p34, and p29) was unchanged or even slightly inhibited by pretreatment with pervanadate (Fig. 8, compare lanes 1 and 2) , indicating that the level of tyrosine phosphorylation of some other proteins is not primarily regulated by tyrosine phosphatases.
Finally, incubation of boar spermatozoa with 100 lM pervanadate for the last 60 min of incubation in capacitating medium (total incubation time with TCM, 180 min) caused a striking increase in overall protein tyrosine phosphorylation compared with TBM alone or TCM alone (Fig. 8, lane 4) . The increases in protein tyrosine phosphorylation induced by pervanadate in capacitated spermatozoa were evident in all bands except the nonregulated bands p42-47 and p39-42, which were tyrosine phosphoryated independent of the treatment, (Fig. 8, all lanes) , and the p29 band, which also appeared with similar intensity in TCM without pervanadate (Fig. 8, compare lanes 3 and 4) . These results indicate that the magnitude of tyrosine phosphorylation of almost all proteins that are tyrosine phosphorylated during the capacitation processes in boar sperm is regulated by pervanadate-sensitive phosphatases (i.e., PTPs and DSPs).
Effect of Pervanadate and Na 3 VO 4 on Motility of Mammalian Spermatozoa
It has been previously reported that 50 lM Na 3 VO 4 completely inhibits PTP activity in hamster spermatozoa [48] . Similar results were obtained in human and mouse spermatozoa using pervanadate, although higher concentrations (1 mM) of this inhibitor were required to obtain full PTP inhibition [49] . Moreover, it was suggested in the latter study that PTPN1 (PTP1B) could have a role in regulating motility of mouse and human spermatozoa.
To further characterize the role that additional tyrosine phosphatases could have in regulating motility of mammalian sperm, we incubated boar spermatozoa in the presence of Na 3 VO 4 and pervanadate, two PTP inhibitors [43] [44] [45] , and objectively evaluated sperm motility using a CASA system. Incubation of boar spermatozoa for 60 min in the presence of   FIG. 9 . Effect of sodium orthovanadate (Na 3 VO 4 ) and pervanadate on motility of boar, stallion, and dog spermatozoa. A) Total motility (percentage motile spermatozoa) was objectively evaluated after incubation of boar spermatozoa for 60 min with increasing concentrations of Na 3 VO 4 (triangles) or pervanadate (squares) in TCM. A concentration-dependent inhibitory effect on boar sperm motility was seen with both inhibitors. Results are the mean 6 SEM of 12 independent experiments performed with semen from five different boars (at least two different ejaculates per boar) (n ¼ 5). B) Boar, stallion, and dog spermatozoa were incubated with no additions (control), with 75 lM Na 3 VO 4 , or with 50 lM pervanadate for 60 min, and motility was objectively assessed using a CASA instrument. Results are the mean 6 SEM percentage total motility for boar, stallion, and dog spermatozoa. A minimum of three different males of each species were used, with at least two ejaculates per male (n ! 3) . FIG. 10 . The effect of sodium orthovanadate (Na 3 VO 4 ) and pervanadate on motility of boar, stallion, and dog spermatozoa is rapid and completely reversible. After pretreatment of sperm cells for 10 min with no additions (circles), Na 3 VO 4 (black squares), or pervanadate (white squares), sperm cells were centrifuged and washed with fresh media without inhibitors. Motility was objectively evaluated in the three populations immediately after centrifugation (Time 0 after treatment) and subsequently every 10 min up to 1 h. Graphs on the left shown the mean 6 SEM percentage total motility for boar (A), stallion (B), and dog (C) spermatozoa. Graphs on the right shown the mean percentage total motility normalized to the control (100% in each incubation time). Error bars are omitted for the sake of clarity. At least three different males of each species were used (n ! 3).
increasing concentrations of both inhibitors dramatically inhibited the percentage of motile spermatozoa in a concentration-dependent manner. As expected, pervanadate, a more cell-permeant vanadate derivative [44, 45] , required a lower concentration than Na 3 VO 4 to have an effect on sperm motility (mean 6 SEM 50% inhibitory concentration, 11.3 6 3.1 vs. 21.7 6 5.2 lM). Pervanadate and Na 3 VO 4 were able to completely inhibit boar sperm motility (100% static) at 20 and 50 lM, respectively (Fig. 9A) .
Next, we evaluated the effect of supramaximal concentrations of both inhibitors on equine and canine sperm motility. Boar sperm was also evaluated again for comparative purposes. In this new set of experiments, we incubated boar, equine, and canine spermatozoa for 60 min with no additions (control), with 75 lM Na 3 VO 4 , or with 50 lM pervanadate. These higher concentrations were used to avoid possible species-specific differences in response to the phosphatase inhibitors, as was inferred from previous studies [48, 49] in different mammalian species in which various incubation times and/or inhibitor concentrations were required to obtain full tyrosine phosphatase inhibition by pervanadate and/or Na 3 VO 4 . Nevertheless, under our conditions, both inhibitors caused complete inhibition of sperm motility at these concentrations in the three mammalian species evaluated (Fig. 9B) . In view of the effect of Na 3 VO 4 and pervanadate on mammalian sperm motility, we evaluated the effect of both inhibitors on the viability of sperm using flow cytometry with samples loaded with SYBR-14 and propidium iodide [15] . Results showed that neither inhibitor affected sperm viability, even in spermatozoa incubated at concentrations as high as 1 mM for 3 h (data not shown). These results showed that PTPs and/or DSPs have a functional role in regulating motility in mammalian sperm without being primarily involved in regulating cell viability.
Recovery of Sperm Motility after Removal of the Inhibitors Pervanadate and Na 3 VO 4 from Incubation Media
To better characterize the effect that pervanadate and Na 3 VO 4 have in the regulation of sperm motility, we subsequently investigated whether the inhibitory effect of these compounds in sperm cells is reversible or not. With this aim, we designed a new set of experiments involving shortterm incubation (10 min) of sperm cell suspensions in the presence of pernavadate or Na 3 VO 4 , followed by removal of these inhibitors by washing spermatozoa with fresh incubation media without inhibitors.
Incubation of boar, stallion, and dog spermatozoa in the presence of 75 lM Na 3 VO 4 or 50 lM pervanadate caused very rapid inhibition of sperm motility, with virtually no motile spermatozoa by 10 min of incubation in the presence of these inhibitors (data not shown). As expected, motility of the control was unaffected by this preincubation.
After this short preincubation time using pernavadate with Na 3 VO 4 or without additions, the cell suspensions containing 95%-100% of static spermatozoa, as well as the suspension with control spermatozoa, were centrifugated (30 sec at 2000 3 g) and rapidly placed in fresh incubation media prewarmed to 378C. Sperm motility was immediately reevaluated in the three populations (Fig. 10 , A-C, Time 0 after treatment) and subsequently every 10 min up to 1 h. Results showed that boar (Fig. 10A), stallion (Fig. 10B), and dog (Fig. 10C ) spermatozoa were able to regain motility after pretreatment with Na 3 VO 4 (75 lM) or pervanadate (50 lM). This recovery was surprisingly rapid, reaching almost 10%-30% of motility seen in untreated control cells by Time 0 after incubation (immediately after resuspension of the cells in fresh media) (Fig. 10, A-C) . Furthermore, compared with the control, approximately 80% of spermatozoa were motile by 10 min in dog samples (Fig. 10C, right) and by 20 min in boar and stallion samples (Fig. 10, A and B, right) after removal of the inhibitors. Finally, recovery of motility was complete by 60 min of incubation, with no statistically significant differences between the pretreated spermatozoa and the untreated controls in the three species (Fig. 10, A-C) . In view of these results, we measured the osmolarity and pH of the media used in each species with and without inhibitors and found that these parameters were constant during the experiments and were unaffected by the addition of pervanadate or Na 3 VO 4 , at the concentrations used in the present study.
Overall, these results indicate that Na 3 VO 4 and pervanadate display rapid and potent inhibitory effect on sperm motility that is completely reversible. Our findings reinforce the idea that one or more vanadate-sensitive tyrosine phosphatases likely have a critical role in the regulation of motility in mammalian spermatozoa.
DISCUSSION
Protein tyrosine phosphorylation has an important role in the regulation of processes such as epididymal maturation, motility, capacitation, hyperactivation, cell recognition, and the acrosome reaction [4] [5] [6] [7] , all of which are essential for fertilization to occur. Although there has been progress in the past decade in the identification of signaling pathways involving tyrosine phosphorylation of different proteins as crucial elements for sperm function [12, 46, 50] , surprisingly little attention has been paid to the components involved in the regulation of these pathways. Nevertheless, increasing numbers of tyrosine kinases, as well as signaling pathways leading to their activation, have been identified recently [10, 23, [32] [33] [34] [35] [36] . Much less attention has been paid to PTPs, which are also crucial components of tyrosine phosphorylation-related signaling pathways, as they can potentially modulate the intensity and/or duration of the signal or even trigger the phosphorylation cascade [1, 3] .
In the present study, we used 35 different commercially available antibodies directed against 23 of the most widely distributed class I cysteine-based PTPs (Tables 1 and 2 ) [3] . Results showed that four tyrosine phosphatases (i.e., PTPRB, PTPN11, DUSP3, and DUSP4) are present in porcine and equine spermatozoa, whereas only PTPN11, DUSP3, and DUSP4 are expressed in canine spermatozoa (PTPRB was not detected) (Fig. 1, top, lane 3) . To the best of our knowledge, this is the first study showing that these tyrosine phosphatases are present in mammalian sperm. Few studies have previously identified PTPs in mature ejaculated mammalian spermatozoa. Regarding class I cysteine-based PTPs, only PTPN1 (PTP1B), which falls into the NRPTP classic PTP category, has been previously detected in sperm lysates from rat [37] , mouse [49] , and man [49] , and we previously identified in lysates of boar spermatozoa the phosphatase PTEN [15] , a class I cysteinebased DSP that dephosphorylates signaling lipids as well as phosphotyrosine residues. Using RT-PCR and real-time RT-PCR, Teng et al. [51] recently identified in human spermatozoa four splicing variants of the DSP CDC25B, which are class III cysteine-based PTPs and can dephosphorylate phosphotyrosine and phosphoserine residues [3] . To our knowledge, there are no studies addressing the expression and role of class II cysteinebased PTPs and aspartate-based PTPs in sperm cells.
Unexpectedly, we showed in the present study that PTPN1 (PTP1B) is not present in boar, stallion, or dog spermatozoa, in contrast to previous studies [37, 49] that detected this IMMUNODETECTION OF TYROSINE PHOSPHATASES IN SPERM phosphatase in murine and human sperm. These apparently contradictory results could reflect the inability of our antibodies to detect the target protein in the species used in this study. However, several results likely indicate that this is not the case. First, all antibodies that showed a negative match in this study (i.e., PTPN1 antibody and 15 additional antibodies) recognized the specific band in the positive controls, indicating that the antibodies worked correctly under our experimental conditions. Second, PTPRB (Fig. 1 ) and PTPN1 (data not shown) antibodies show immunoreactivity with nonhuman and nonrodent proteins such as porcine spleen or brain phosphatases; therefore, the antibodies recognized an epitope in the target proteins that was well conserved among the mammalian species, including those used in this study. Third, the antibody anti-PTPN1 recognized the target phosphatase in another investigation conducted with human spermatozoa in our laboratory (González-Fernández et al., unpublished results), confirming that PTPN1 (PTP1B) is present in human sperm. Therefore, these results likely indicate that the expression of different tyrosine phosphatases in mammalian sperm is variable across different species (i.e., absence of PTPRB in dogs or absence of PTPN1 in boar, stallion, and dog). The functional significance of this result is still unknown but could reflect differential regulation of the tyrosine phosphorylation signaling network in the mammalian spermatozoa of different species. This hypothesis is supported by the fact that PTPs usually display high substrate specificity and usually do not have redundant roles in the cell [3] .
The differential profile of PTPs identified in mature spermatozoa could reflect differential PTP expression during the last stages of spermatogenesis. Previous studies conducted in murine models have described a number of PTP transcripts during germ cell development. Kaneko et al. [52] reported the expression of five PTPs in male germ cells (PTPRD, PTPRE, PTPN5 [STEP], PTPN1, and PTPN2 [TCPTP]). Thus far, only PTPN1 has been reported in ejaculated mouse spermatozoa [49] , while no information is available about the others. Using RNA microarrays, Shina et al. [53] analyzed the expression of approximately 36 000 transcripts through different stages of spermatogenesis. They identified a number of PTPs and DSPs that were quantitatively regulated during germ cell development and showed that the profile of PTP transcripts is variable during different stages of spermatogenesis [53] . These findings suggest that PTPs and DSPs could have important roles in maturation and progression of male germ cells. In fact, one of these proteins appears to be mainly expressed in these cells, suggesting specific roles during spermatogenesis [54] . In regard to the last maturation stages, DUSP3, DUSP13, and PTPN4 have been reported to be expressed in round spermatids [53] . DUSP3 was also identified in the present study, indicating that the products of the transcripts found in postmeiotic cells could be retained in mature sperm. In a follow-up study from the same group [55] , DUSP22 was identified as an additional component of the PTPs and DSPs that are expressed through different stages of spermatogenesis. Overall, the results obtained in male germ cells, especially in later stages of maturation, indicate that additional phosphatases could possibly be expressed in mature spermatozoa.
The subcellular distribution of PTPs and DSPs suggests that these enzymes likely have specific roles in sperm (Figs. 3, 5, 6 , and 7). PTPRB was localized (in boar and stallion) to the plasma membrane of the head of spermatozoa, mainly along the acrosomal region, and along the tail (Fig. 3) . This was an expected result because PTPRB has been described as a transmembrane receptor-like phosphatase [3] . The other three phosphatases identified were differentially distributed within the sperm cell but did not seem to be associated with the plasma membrane in the unstimulated sperm cells used in this study. PTPN11, a cytosolic NRPTP [3] , was prominently localized to the head, mainly in the postacrosome region, and in the midpiece of the tail (Fig. 5) , whereas DUSP4 was mainly distributed along the midpiece, principal piece, and end piece of the tail, although it was weakly detected through the entire spermatozoon (Fig. 6) . Little or no DUSP4 immunoreactivity was found within the nucleus in sperm cells of the three species studied. This was an unexpected result, as DUSP4 in somatic cells is mainly localized to the nucleus and in much lesser amounts to the cytoplasm [38, 56] . This result likely indicates that DUSP4 is differentially distributed in germ cells compared with somatic cells, which could be important in defining its specific function in sperm [56] . Finally, DUSP3 was consistently found in the midpiece of the flagellum, whereas its presence in the acrosome was more variable and was detected in this position in a high percentage of cells but not in all of them (Fig. 7) .
To investigate the overall role of PTPs in mammalian spermatozoa, we incubated boar sperm with pervanadate, a widely used cell-permeant PTP inhibitor [44, 45] , and characterized the pattern of protein tyrosine phosphorylation in these cells, which have been widely used to investigate tyrosine phosphorylation cascades [10, 11, 14, 29, 46, 47] . Using incubation conditions described in the present study (100 lM for 60 min), pervanadate did not show any significant effect on activity of the serine/threonine phosphatases (Gonzá-lez-Fernández et al., unpublished results). However, preincubation with pervanadate of boar sperm cells under noncapacitating conditions caused a patent increment in tyrosine phosphorylation of various bands ranging from approximately 180 to 50 kDa (Fig. 8) . In addition to noncapacitated spermatozoa, tyrosine phosphatases seem to have a major role during sperm capacitation, as inhibition of these enzymes by pervanadate caused a generalized nonregulated increase in tyrosine phosphorylation of different proteins (Fig. 8) . This result is in agreement with previously published studies [8, 11] showing a similar effect by capacitating boar spermatozoa with a permeable cAMP analogue in the presence of Na 3 VO 4 , although the overall phosphorylation was lower in these studies. However, a previous study by Luconi et al. [57] detected no increases in tyrosine phosphorylation of proteins in lysates of human spermatozoa incubated with Na 3 VO 4 during ''in vitro'' capacitation, suggesting that the magnitude of protein phosphorylation during sperm capacitation can be exclusively attributed to PTKs. In contrast, Tomes et al. [49] recently described a significant increase in tyrosine phosphorylation of human sperm proteins incubated under capacitating conditions in the presence of pervanadate and showed that protein tyrosine phosphorylation during human sperm capacitation is regulated by PTKs and PTPs. These results indicate that PTPs and DSPs are likely involved in the regulation of tyrosine phosphorylation signaling cascades in capacitated and noncapacitated boar spermatozoa. It is also possible, however, that the effect seen in protein tyrosine phosphorylation in spermatozoa preincubated with pervanadate could also be mediated by activation of tyrosine kinases [57] .
We can only speculate about the identity of proteins whose tyrosine phosphorylation status is increased by incubating sperm cells in the presence of PTP inhibitors under capacitating and noncapacitating conditions. Similarly, we have not yet identified the particular PTP that may be involved in the regulation of these proteins. However, among the few substrates for tyrosine kinases that have been described thus far in mammalian spermatozoa, one of the better characterized is p32 protein, which seems to be tyrosine phosphorylated during incubation only under capacitating conditions in boar spermatozoa [8, 11, 46] . Using proteomic approaches, Dube et al. [46] recently characterized this protein as a proacrosin binding protein that likely has an important role in sperm capacitation and the acrosome reaction. They observed that p32 is localized over the acrosome in capacitated and noncapacitated cells and proposed that partitioning of p32 in the acrosomal compartments (soluble, membrane, and matrix) could be regulated by its phosphorylation status. In the present study, p32 tyrosine phosphorylation was increased by inhibition of pervanadate-sensitive PTPs during capactitation, while Na 3 VO 4 -sensitive PTPs are unlikely involved [8, 11] . Based on the subcellular distribution of p32, three phosphatases (i.e., PTPRB, PTPN11, and DUSP3) are candidate regulators of this protein in boar sperm, as these phosphatases colocalize in the sperm head, where p32 is likely tyrosine phosphorylated [47] . The more predominant situation of diffuse distribution of p32 within the acrosome [46, 47] likely points to DUSP3 or PTPN11 as putative p32 phosphatases. Identification of the p32-specific phosphatase(s) and the physiological consequences of p32 dephosphorylation is ongoing in our laboratory.
Concerning sperm motility, our study clearly shows that inhibition of PTP activity causes rapid and reversible inhibition of motility in boar, stallion, and dog spermatozoa. These results are in agreement with previous studies showing that PTP inhibition reduced motility of hamster [48] , human [49] , and mouse [49] spermatozoa. Based on their subcellular localization, the two phosphatases most likely involved in the regulation of sperm motility are PTPRB and DUSP4, both predominantly localized to the tail of spermatozoa. Devi et al. [48] previously described Na 3 VO 4 -sensitive PTP activity in the plasma membrane of hamster spermatozoa that was likely involved in the regulation of sperm motility. Their findings, combined with data in the present study showing that PTPRB is associated with the plasma membrane, allow us to speculate that PTPRB may be involved in the regulation of mammalian sperm motility. Nevertheless, because dog spermatozoa lack PTPRB but their motility is also affected by PTP-specific inhibitors, one or more additional tyrosine phosphatases are likely involved in the regulation of sperm motility.
Based on its subcellular localization, another phosphatase candidate that is likely involved in motility is DUSP4. This is a class I DSP clustered into the MAP kinase phosphatase group that functions in the cytosol and nucleus to inactivate the MAPK (ERK and JNK) kinases in somatic cells [38, 56] . Because mammalian spermatozoa likely lack JNK [20] , the most probable substrates for DUSP4 in sperm cells are the ERK kinases. A recent study by Almog et al. [20] supports this hypothesis in its finding that ERK kinases are distributed in human spermatozoa all along the tail and show a distribution pattern identical to that described for DUSP4 in the present study. Furthermore, they show that incubation of human spermatozoa with Na 3 VO 4 increases phosphorylation and activation of MAPK3 (ERK1) and MAPK1 (ERK2), indicating that ERK kinases are regulated by tyrosine phosphatases in human sperm. Therefore, it seems plausible that ERKs are substrates of DUSP4 in mammalian spermatozoa. By combining results of previous reports [20, 56] with the data in the present study, one can speculate that inhibition of DUSP4 by pervanadate or Na 3 VO 4 may be accompanied by increases in ERK phosphorylation and activation [20] , and ERKs subsequently could mediate inhibition of motility induced by PTP inhibitors [48, 49] . Although ERK kinases are involved in the regulation of sperm motility, their role is controversial. A positive role for ERK was suggested in fowl [58] , human [20] , and mouse [21] sperm, while another study [59] reported that ERK kinases inhibit motility of human spermatozoa. In our model, ERK stimulation (by inhibition of DUSP4) may correlate with decreasing motility, which conflicts with some models previously published [20, 21] but agrees with another model [59] . Further studies are required to clarify the role that ERK kinases and DUSP4 may have in sperm motility.
In conclusion, we identified herein a number of classic PTPs and DSPs in spermatozoa of boar, stallion, and dog and showed that they are involved in the regulation of motility and protein tyrosine phosphorylation under capacitating and noncapacitating conditions. We will focus on the physiological roles that each phosphatase may have in spermatozoa, which will involve identification of its specific substrates and characterization of its temporal and spatial regulations.
